Amikacin has been very useful in the treatment of infections caused by multiresistant bacteria because it is refractory to the actions of most modifying enzymes. However, the spread of AAC(6)-I-type acetyltransferases, enzymes capable of catalyzing inactivation of amikacin, has rendered this antibiotic all but useless in some parts of the world. The aminoglycoside 6-N-acetyltransferase type Ib, which is coded for by the aac(6)-Ib gene, mediates resistance to amikacin and other aminoglycosides. RNase H mapping and computer prediction of the secondary structure led to the identification of five regions accessible for interaction with antisense oligodeoxynucleotides in the aac(6)-Ib mRNA. Oligodeoxynucleotides targeting these regions could bind to native mRNA with different efficiencies and mediated RNase H digestion. Selected oligodeoxynucleotides inhibited AAC(6)-Ib synthesis in cell-free coupled transcription-translation assays. After their introduction into an Escherichia coli strain harboring aac(6)-Ib by electroporation, some of these oligodeoxynucleotides decreased the level of resistance to amikacin. Our results indicate that use of antisense compounds could be a viable strategy to preserve the efficacies of existing antibiotics to which bacteria are becoming increasingly resistant.
Aminoglycoside antibiotics play an important role in the treatment of infections caused by aerobic gram-negative bacteria and some gram-positive bacteria. In the latter case they are generally used in combination with other antibiotics (36) . They exert their biological action by binding to the decoding site of the 16S rRNA, which causes a decrease in translational fidelity (23) . Bacterial resistance to aminoglycosides in the clinical setting is often mediated by modifying enzymes (20) . Aminoglycoside N-acetyltransferases belonging to the GCN5-related N-acetyltransferase superfamily are an important group of enzymes that mediate inactivation of aminoglycosides by catalyzing the transfer of an acetyl group to a primary amine in the antibiotic molecule (27, 37) . The aminoglycoside amikacin (AMK) has been very useful in the treatment of infections caused by multiresistant bacteria because it is refractory to the actions of most modifying enzymes (19, 33, 37) . However, the spread of AAC(6Ј)-I-type acetyltransferases, enzymes capable of catalyzing the inactivation of AMK, has rendered this antibiotic all but useless in some parts of the world (1, 10, 11, 44) . Although research is being conducted to generate new aminoglycoside antibiotics (15) , AMK and netilmicin remain the only semisynthetic aminoglycosides available. The aac(6Ј)-Ib gene has been isolated from several mobile genetic elements such as integrons and transposons present in several bacterial species belonging to the families Enterobacteriaceae, Pseudomonadaceae, and Vibrionaceae (4, 26, 27, 35, 40, 41, 43, 44) . Development of a method to control aac(6Ј)-Ib gene expression could help the usefulness of AMK to be regained. Antisense oligonucleotide technology has been used to control gene expression in eukaryotes and to a lesser extent in prokaryotes (6, 12, 14, 16, 17, 46, 50) . Strategies based on the use of antisense oligonucleotides to fight antibiotic resistance have been researched before. The bactericidal action of norfloxacin was increased by the actions of antisense molecules that interfered with expression of the marRAB operon in Escherichia coli (50) , and resistance to ␤-lactams was decreased by inhibition of bla expression in the presence of antisense peptide nucleic acids (12) . The construction of plasmids coding for small oligoribonucleotides whose sequences are antisense to those of resistance genes mediated conversion to susceptibility by inducing RNase P digestion of the mRNA (14) , and a plasmid containing a vanH promoter-vanA antisense gene cassette inhibited resistance to vancomycin in a clinical Enterococcus faecalis isolate (46) . In this work we mapped the aac(6Ј)-Ib mRNA to identify single-stranded regions accessible for interaction with antisense oligodeoxynucleotides (ODNs). On the basis of this information we designed ODNs that interfere with the synthesis of AAC(6Ј)-Ib and that induce a reduction of the aac(6Ј)-Ib-mediated AMK resistance levels.
MATERIALS AND METHODS
Bacterial strains and plasmids. Plasmid pNW1 is an FЈ derivative that includes a copy of aac(6Ј)-Ib. Construction of this plasmid was carried out as follows. First, a recombinant plasmid, pNW0, was generated by insertion of a DNA fragment containing the aac(6Ј)-Ib gene into the EcoRI site of pFW11, a plasmid vector that codes for resistance to chloramphenicol (49 General DNA and RNA procedures. Growth of bacteria was carried out by using Lennox Luria (L) broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl). Transformation and electroporation were performed as described previously (34) . Plasmid DNA preparations were carried out by using the QIAspin miniprep kit (Qiagen). A linear DNA template with aac(6Ј)-Ib under the control of the T7 promoter was generated by amplification by using the TaqPCR Master Mix kit (Qiagen), plasmid pRS201 DNA as the template, and primers 5Ј-TTGTAA TACGACTCACTATAGGGAGACATGAGACAATAACCCTGATAAATG CTTC (the minimal T7 promoter is underlined, and the ϩ1 nucleotide is double underlined (18) and 5Ј-GTTTAACGTTTGACATGAGGGC according to the recommendations of the supplier. This template was used to synthesize mRNA by using the MEGAscript T7 kit (Ambion) under the conditions specified by the supplier. To label the mRNA, about 5 g was dephosphorylated by incubation with 5 U of alkaline phosphatase (New England Biolabs) in a buffer containing 100 mM NaCl, 50 mM Tris-HCl (pH 7.9), 10 mM MgCl 2 , and 1 mM dithiothreitol in a total volume of 10 l. After phenol-chloroform extraction, the dephosphorylated mRNA was 5Ј end labeled with 25 Ci of [␥-
32 P]ATP and 5 U of phage T4 polynucleotide kinase (New England Biolabs) in kinase buffer (50 mM Tris HCl [pH 7.5], 10 mM MgCl 2 , 5 mM dithiothreitol, 0.1 mM spermidine) in a final volume of 30 l. The reaction mixture was incubated at 37°C for 1 h, and the unincorporated nucleotides were removed by using ProbeQuant G-50 microcolumns (Amersham Pharmacia Biotech). The ODNs were end labeled by a similar protocol, except that the dephosphorylation reaction was omitted. The computer-predicted secondary structure of the aac(6Ј)-Ib mRNA was generated by using the program mfold (version 3.1) (25, 52) . Sequencing reactions were carried out by using the Thermo Sequenase Radiolabeled Terminator Cycle Sequencing kit (U.S. Biochemicals) with primer 5Ј-TCCGCTCATGAGACAA TAACCCTG according to the recommendations of the supplier. Sequencing with this primer permits a comparison of the sequencing products with the fragments generated by RNase H cleavage of 5Ј-labeled mRNA.
RNase H reactions. Single-stranded regions available for pairing to complementary ODNs were identified by RNase H mapping basically as described by Ho et al. (17) . Solutions of random or semirandom (the 11th nucleotide is constrained) 20-mer libraries were heated for 3 min at 95°C and immediately placed on ice. Therafter, 1 l of 10ϫ RNase H buffer (400 mM Tris [pH 8.0], 40 mM MgCl 2 , 10 mM dithiothreitol) and 1 l of labeled mRNA (about 0.1 g) were added, and the mixture was incubated for 90 min at 25°C before addition of 1 U of RNase H (Epicenter) in a total volume of 10 l. The final concentration of ODNs was 30 M. After 10 min at 25°C, the reactions were stopped by addition of 2 volumes of Gel Loading Buffer II (Ambion), and the mixture was heated for 3 min at 95°C and analyzed on a 6% denaturing polyacrylamide gel by using a Sequi-Gen II nucleic acid sequencing cell (Bio-Rad). Radioactivity was detected with a phosphoimager (Cyclone Storage Phosphor system; Packard). For RNase H cleavage assays, the reactions were carried out by using the same protocol described above, but with replacement of the ODN libraries with the specific ODN (final concentration, 10 M).
RNA binding assays. Gel mobility shift assays were performed by mixing 5Ј-end-labeled ODNs (10 nM) with various concentrations of mRNA in a buffer containing 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM EDTA. After 2 h at 25°C, 10 l of 10% glycerol and 3 l of gel loading buffer were added to the reaction mixture and the samples were analyzed on a 5% native polyacrylamide gel (acrylamide-bisacrylamide [19:1] ).
In vitro activities of ODNs. The in vitro activities of the ODNs were determined in cell-free coupled transcription-translation reactions in the presence or absence of ODNs. Coupled transcription-translation reactions were carried out with the EcoPro T7 system (Novagen) as recommended by the supplier. The reactions were performed in the presence of the same linear DNA template used to synthesize the mRNA and 40 Ci (specific activity, 1,000 Ci/mmol) of [
35 S]methionine (Perkin-Elmer), with the addition of 10 M ODN when indicated. The products were electrophoresed in a sodium dodecyl sulfate-polyacrylamide gel as described previously (42) . The gel was then fixed in a solution containing 30% methanol and 10% glacial acetic acid, immersed in fluorographic reagent (Amplify; Amersham) for 30 min with gentle agitation, dried, and exposed to a phosphoimager screen to detect radioactivity.
In vivo activities of ODNs. The in vivo activities of the ODNs were determined essentially as described by White et al. (50) , with slight modifications. ODNs were introduced into E. coli TOP10(pNW1) cells by electroporation. The cell suspensions (10 7 cells in a total volume of 50 l) were placed on ice for 2 min and transferred to room temperature for 30 min to allow interaction between the mRNA and the ODNs. Then, 450 l of L broth was added and the suspensions were incubated at 30°C for 30 min. At this point AMK was added (20 g/ml) and the suspensions were incubated at 30°C for 1.5 h. The cells were then plated on L agar (no selection). The growing colonies represent cells that survived the exposure to AMK.
RESULTS
Mapping of aac(6)-Ib mRNA. The rational selection of antisense ODNs that can induce inhibition of gene expression requires knowledge of mRNA regions accessible for interaction with complementary ODNs. The mRNA molecules form complex secondary and tertiary structures that leave few regions available for pairing with antisense ODNs. Since it has been shown that computer-based models of the structures offer limited help in identifying these regions (21) , the information provided by these models must be complemented with experimental data. We identified accessible single-stranded regions in aac(6Ј)-Ib mRNA by RNase H mapping in combination with computer-based prediction of the mRNA secondary structure.
To identify accessible single-stranded regions by RNase H mapping, libraries of semirandom or random ODNs were mixed with radiolabeled aac(6Ј)-Ib mRNA, followed by treatment with RNase H. The semirandom libraries consisted of ODNs in which all but one of the nucleotides were randomized. The products of the reactions were analyzed in denaturing polyacrylamide gels (Fig. 1 ). We could detect five main regions (regions A to E) susceptible to digestion by RNase H. Two of them, regions A and D, produced an identical profile when any of the five ODN libraries was added to the reaction mixture ( Fig. 1) . Conversely, the cleavage fragments that defined regions B, C, and E were not identical when each of the ODN libraries was used (Fig. 1) . Since RNase H digestion is not sequence dependent and the reactions generated discrete cleavage fragments, they must correspond to regions in the mRNA that were available to bind to the ODNs. Although other investigators (17) reported that experiments carried out with completely random libraries gave results less optimal than those obtained with semirandom libraries, we did not observe major differences in the qualities of the reactions when random or semirandom libraries were included in the reaction mixtures ( Fig. 1) . Controls for this experiment included reaction mixtures lacking ODNs or RNase H, or both. In all three cases, no mRNA cleavage was observed (Fig. 1 ). Another control included all reagents in the reaction mixture, but the mRNA was denatured by heating before addition of RNase H. As expected, the RNA was completely degraded under these conditions (Fig. 1 ). The gel in Fig. 1 also shows the products of a sequencing reaction with the DNA fragment corresponding to the mRNA and the locations of the DNA and RNA molecular size markers. The DNA and RNA 200-nucleotide fragments run with an apparent difference of about 3.5 nucleotides under the polyacrylamide gel electrophoresis conditions used. The difference in migration becomes smaller as the fragments increase in size, and the 300-nucleotide DNA and RNA fragments run practically at the same position (Fig. 1) . The nucleotide sequences of the five main cleavage regions in the mRNA are shown in Fig. 2 . These locations were determined by taking into account the positions of the molecular size markers and the DNA nucleotide sequence (Fig. 1) .
The single-stranded regions identified by RNase H mapping were compared to those predicted by generating a secondary VOL. 47, 2003 INHIBITION OF AMIKACIN RESISTANCE 3297 structure of the aac(6Ј)-Ib mRNA by using the mfold program (52) . Figure 3 shows the predicted secondary structure and the locations of the regions identified by RNase H mapping. Region A is located within a predicted loop. Although in region B the main products of digestion run at different positions depending on the ODN library used (Fig. 1 ), they were all located within a predicted single-stranded region. The main products of region C were also not identical when the reactions were carried out in the presence of different ODN libraries (Fig. 1) . However, in this case the nucleotides encompassed by this region were not all located within a single-stranded loop. As shown in Fig. 3 , this region has a more complex structure: a mismatch (C240), 3 nucleotides (U241, G242, A243) in a double-stranded structure, a mismatch (C244), and 4 nucleotides (G245, U246, A247, C248) in a double-stranded structure that is matched to a region in the RNA molecule different from that to which UGA hybridized, followed by nucleotides that are part of a loop (A249, G250, G251, A252, A253). The stronger bands within this region coincide with C244 and the nucleotides in the loop (Fig. 1) . However, there are bands along the whole region, indicating that ODNs hybridized to nucleotides predicted to be in double-stranded form. It is possible that the predicted structure does not reflect exactly the real structure of the RNA molecule or that the complexity of the spatial structure at this region permits enough breathing at the short double-stranded stems to allow interaction with ODNs and, consequently, cleavage by the RNase H. A case like this has recently been described in which a stem RNA region was digested by a maxizyme due to a binding process that occurred during the breathing of the stem structure (22) . The RNase H cleavage products that define region D were identical for all five ODN libraries (Fig. 1) . Interestingly, although there was a big single-stranded loop, the products of digestion encompassed the end of the loop (U300, U301), 3 nucleotides (G302, C303, A304) predicted to exist as a double-stranded mismatch, and a nucleotide (A305) predicted to exist as a single-stranded mismatch (Fig. 3) . It is possible that, unlike in the computergenerated structure, this region actually exists as a bigger single-stranded loop that includes the sequence GCAA. Conversely, as was discussed for region C, there may be enough breathing at the 3-nucleotide double-stranded sequence for the ODNs to be able to bind. However, for either of these two possibilities, we do not know why there was a preferential binding of the ODNs at these particular nucleotides of region D as opposed to the other nucleotides of the loop. The products of RNase H digestion that define region E are spread over a larger section of the mRNA molecule compared to the lengths of the products that define the other regions. The main products were located near the mismatched A355 and A356 nucleotides when the ODN libraries used were semirandom with G or C as the fixed nucleotide (Fig. 1) . The main products in the case of semirandom libraries with A as the fixed nucleotide and the random library coincided with the loop that includes nucleotides G372 to G377. However, less intense but clear bands corresponding to nucleotides near these two locations were generated by the reactions containing either the semirandom libraries with T or A as the fixed nucleotide or the random library (Fig. 1) . Examination of the predicted structure shows that it is a complex region, and as was discussed above for the other regions, the predicted structure may not be entirely correct or breathing at the region may result in hybridization and RNase H digestion. In Fig. 3 this region encompassing A355 to G377 is labeled, but RNase H digestion is more efficient at the nucleotides around A355 and A356 as well as G372, G373, and G374. RNase H cleavage of mRNA in the presence of ODNs. A series of 15 ODNs encompassing regions A to E were designed for further analysis. Their nucleotide sequences are shown in Fig. 2 . Their efficiencies for mediating RNase H degradation of the aac(6Ј)-Ib mRNA were determined by incubation of radiolabeled native mRNA with the antisense ODNs and RNase H. The products of these reactions were analyzed in denaturing polyacrylamide gels. Figure 4 shows that ODNs 1 to 3 (Fig. 4a) efficiently induced degradation of the mRNA. In the case of ODN 3, no undigested mRNA could be detected after the reaction, while there was a small amount of intact mRNA after incubation with ODNs 1 and 2. Conversely, inspection of the gel in Fig. 4b indicates that ODNs 4 to 6 were not equally (Fig. 4b) . The assay results shown in Fig. 4c indicate that while ODN 7 induced complete degradation of mRNA, in the presence of ODNs 8 and 9, not all of the mRNA was cleaved. The assay results shown in Fig. 4d and e indicate that with the exception of ODN 10, which did not mediate complete cleavage, all ODNs (ODNs 11 to 15) induced complete digestion of the mRNA. Inspection of the results shown in Fig. 4a through d indicates that the main reaction products are those expected on the basis of the location targeted by the ODNs. In the case of ODNs 13 to 15 (Fig. 4e) , there were two main products in each reaction. One of them had the expected size, while the other one was the same size as the product obtained after incubation of the mRNA with ODN 6. It is possible that the presence of the repeat GAAGAA sequence found in region B and the region E loops ( Fig. 2 and 3 ) is responsible for this result. However, the sole presence of the repeat does not seem to be enough for interaction with the heterologous ODN because ODN 6 did not mediate the cleavage of mRNA at region E. mRNA binding of ODNs. On the basis of the results shown in Fig. 4 , we selected ODNs that include sequences in regions A to E and that were highly efficient in RNase H cleavage experiments. Their sequences are shown in Fig. 2 (gray bars) . The selected ODNs were end labeled and used in mRNA binding experiments. Figure 5 shows that ODNs 3, 6, and 12, which target regions A, B, and D, respectively, bind to mRNA with less affinity than ODNs 7 and 13, which are antisense to the regions encompassing regions C and E, respectively. However, comparison of these results with those obtained in RNase H cleavage experiments indicates that while all five ODNs were very efficient in inducing mRNA digestion by RNase H, three of them (ODNs 3, 6, and 12) showed lower binding efficiencies compared to the binding properties of ODNs 7 and 13. An explanation for this apparent discrepancy may be that in the RNase H cleavage experiments a single ODN molecule can bind to an mRNA molecule, mediate RNase H digestion, and then bind to another one to repeat the process, while in the binding experiments, the products shifted must be present in a 1:1 stoichiometric ratio. Therefore, while the binding affinities of ODNs 3, 6, and 12 are lower than those exhibited by the other two ODNs, it may be sufficient to degrade most mRNA molecules under the conditions used to carry out the RNase H cleavage experiments.
In vitro activities of ODNs. To study the in vitro effects of the five ODNs on expression of the aac(6Ј)-Ib gene, a DNA fragment consisting of the structural gene under the control of (Fig. 4) . Gray bars represent the ODNs that were selected for the binding and in vivo experiments (Fig. 5) . The ODN sequences are complementary to those shown in the diagram.
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on October 14, 2017 by guest http://aac.asm.org/ the T7 promoter was used as the template in cell-free coupled transcription-translation reactions containing radioactive methionine in the presence or absence of ODNs. Figure 6 shows that in the presence of any of the antisense ODNs there was a reduction in the amount of protein synthesized compared to the amount synthesized in reactions carried out without ODNs or with a control ODN with a sense sequence. ODN 7 showed less inhibitory activity than the other ODNs. These experiments demonstrated that the selected antisense ODNs can interfere with the expression of aac(6Ј)-Ib. In vivo activities of ODNs. To evaluate the actions of the selected ODNs on the ability of AMK to exert a toxic effect on E. coli harboring the low-copy-number plasmid pNW1, electrocompetent cells were transformed with ODNs and exposed to the antibiotic before being plated on L agar without selection. The number of colonies in the plates reflected the num- Figure 7 shows the percentage of colonies formed by ODN-treated cells that were exposed to AMK compared with the number of cells that were subjected to electroporation without the addition of ODNs before being exposed to the antibiotic. A sample was treated with an ODN that is not antisense (Fig. 7, bar S) . In this case the number of surviving cells is comparable to the number of surviving cells that were not transformed with an ODN. A comparison of the surviving cells that were treated with antisense ODN 3, 6, 7, 12, or 13 and the surviving cells that were treated with the control ODN (Fig. 7 , bar S) indicates that in the presence of any of the five selected ODNs, there was a reduction in the number of surviving cells after exposure to AMK (Fig. 7) . However, in the case of ODNs 3 and 7, the differences observed were not statistically significant (Fig. 7) . These results strongly suggest that the appropriate antisense ODNs can interfere with the expression of AMK resistance.
DISCUSSION
Pathogenic bacteria are becoming more resistant to antibiotics, and there have already been reports of multiple-drugresistant pathogenic bacterial strains against which most available antibiotics are ineffective (39) . Bacteria have developed diverse strategies to resist the actions of antibiotics. These strategies are modification of the target, removal of the antibiotic by efflux pumps that impede its accumulation inside the cell, or enzymatic modification of the antibiotic molecule (48) . For aminoglycoside antibiotics, the last mechanism is the most common and involves three kinds of enzymes, N-acetyltransferases, O-adenylytransferases, O-phosphotransferases (27) . To preserve the effectiveness of aminoglycoside antibiotics, it would be useful to generate compounds that can interfere with the modification mechanism. Other strategies involve the use of antisense ODNs to interfere with the expression of the modifying enzymes (14, 16, 17, 50) .
Resistance to AMK in the clinical setting is most commonly mediated by N-acetyltransferases of the AAC(6Ј)-I type. The aac(6Ј)-Ib gene, responsible for resistance to several aminoglycosides, including AMK, has been found in a large number of bacterial species (4, 27, 35, 40, 41, 43, 44) . Inhibition of expression of this gene would render these bacteria susceptible to AMK and other aminoglycosides. In this work we tested whether it is possible to interfere with the expression of aac(6Ј)-Ib using antisense ODNs, a mechanism that holds promise in the treatment of several diseases (21) . We located regions of the mRNA available for interaction with ODNs using a combination of RNase H mapping and secondary structure prediction with mfold software. While the computer-gen- 6 . In vitro activities of ODNs. Cell-free coupled transcriptiontranslation reactions were carried out as described in Materials and Methods in the absence (Ϫ) or presence of the indicated ODNs at 10 M (the numbers correspond to those shown in Fig. 2) . The products were run on sodium dodecyl sulfate-polyacrylamide gels, and the radioactivity was detected with a phosphoimager. S, control mixture containing an ODN with a sense sequence. FIG. 7 . Effects of antisense ODNs. Cells were treated with the indicated ODN (the numbers correspond to those shown in Fig. 2 ) before being exposed to AMK, as described in Materials and Methods. The numbers of CFU per milliliter were calculated from the numbers of colonies growing on plates with no selection and represent the number of cells that survived exposure to AMK after introduction of the ODNs. The percent CFU per milliliter represents the fraction of surviving cells compared to the number of cells in the sample that was subjected to electroporation without an ODN. Electroporation with a sense ODN (S) was used as a control. (Fig. 3) . However, regions C, D, and E, as defined by RNase H mapping, encompass fragments predicted to exist as single-and double-stranded regions ( Fig. 1 and 3 ). An explanation for the detection of fragments cleaved at these predicted doublestranded locations could be that the computer-generated structure is not completely correct or that there is enough breathing at the short double-stranded regions to allow cleavage by RNase H. A stem RNA region has recently been shown to be digested by a single-strand-specific enzyme due to a binding process that occurred during the breathing of the stem structure (22) . Furthermore, in all five regions only parts of the loops were identified by RNase H mapping, which may reflect the complexities of the secondary and tertiary structures, which permit only a few nucleotides to be available for interaction with ODNs. The results of our mapping experiments and comparison to computer-based structure models coincide with the results of other studies that indicate that software prediction of the mRNA secondary structure is often not sufficient to predict the single-stranded regions available for interaction with ODNs (21) . Most ODNs among a group of ODNs designed on the basis of the mapping results were able to induce efficient mRNA cleavage by RNase H. However, when some of them were tested, a small percentage of the mRNA molecules were left undigested; and one of them (ODN 4) did not induce cleavage at all (Fig. 4) . Binding experiments with ODNs that were selected among the ODNs that were more efficient at mediating RNase H cleavage showed that they bound to mRNA with different efficiencies (Fig. 5) . It is our hypothesis that a possible explanation for this apparent inconsistency is the fact that, after binding and cleavage of an mRNA molecule, an individual ODN molecule can again be used to mediate cleavage of another mRNA molecule. All five ODNs selected interfered with synthesis of the protein in in vitro cell-free transcription translation experiments, although in one case there was a lesser degree of interference. Since no RNase H was added to the reaction mixtures, the mechanism of inhibition in these assays was most probably through steric hindrance. However, the extracts used may have other activities that play a role in the interactions between ODNs and mRNA. To determine the ability of the selected ODN to interfere with expression of AMK resistance in vivo, we performed survival experiments, as described by White et al. (50) . The experimental results indicate that at least three of the ODNs (those targeting regions B, D, and E) were able to induce a statistically significant reduction in viability after exposure to AMK in the presence of the ODNs. The other two ODNs tested also showed a tendency to induce a reduction in viability, but the difference in the results compared to those obtained with the control ODN was not statistically significant. Different factors can affect the results of these experiments; among these are the number of molecules that reached the cytoplasmic compartment through the electroporation process and their stability. Since we did not use nonhydrolyzable analogs, ODNs that are hydrolyzed faster can be less able to interfere with synthesis of the protein, not because they are not appropriate but because they are degraded faster. Experiments with nonhydrolyzable ODN derivatives will permit us to determine if stability is responsible for the differences in the efficiencies of the inhibitory activities of the ODNs. Unmodified ODNs are also rapidly degraded by nucleases present in blood and other body fluids (8, 21) . Their half-lives have been determined to be on the order of minutes in blood and somewhat longer in cerebrospinal fluid (47) . Therefore, the use of nonhydrolyzable ODN derivatives will take us a step closer to the practical use of the antisense strategy to regain the usefulness of antibiotics to which bacteria have become resistant. We do not know the mechanism by which the ODNs reduced the levels of resistance to AMK; the most probable ones are steric hindrance after binding to the mRNA or induction of cleavage through the cell's RNase H. Although the results of the in vitro experiments suggest that under those conditions steric hindrance may play an important role, the mechanism in vivo may be different. Experiments with RNase H-deficient E. coli mutants will help clarify this question.
While in this work we show that antisense ODNs could, in theory, be developed to preserve the efficacy of AMK against the rising number of resistant strains isolated in the clinical setting in several parts of the world, many problems remain to be solved. Aminoglycoside 6Ј-N-acetyltransferase type Ib variants that exhibit variability at the N-terminal region have been isolated (4). These differences could result in changes in the tertiary structure of the mRNA, making some of the variants resistant to ODNs that can efficiently inhibit the expression of other variants. We generated secondary structures of the mRNAs coded for by these variants using the mfold program, and we found that the single-stranded regions identified in this work are still present (unpublished results). We are now performing RNase H mapping and testing the effects of selected ODNs to determine if they are effective against all or most variants. In addition, the aac(6Ј)-Ib gene is often found in high-copy-number plasmids (51) , which may make it very difficult to reach inhibition levels high enough for phenotypic conversion to susceptibility. A solution to this problem could be the finding of inhibitors that interfere with the residual enzymatic activity. Although aminoglycoside 6Ј-N-acetyltransferases have recently been characterized (2, 4, 5, 7, 24, 30-32, 37, 38) , no inhibitors have reached the market to date. However, the recent discovery of inhibitors of aminogylcoside-modifying enzymes (1a, 3) and the known inhibitors of ␤-lactamases (29) suggest that if enough research efforts are devoted to finding them, appropriate inhibitors of N-acetyltransferases will be developed. Thus, antisense ODNs or ODN analogs and enzyme inhibitors could have a synergistic activity that results in the phenotypic conversion to AMK susceptibility. Finally, methods to ensure that the compounds reach the cell's cytoplasm must be developed. Although in general bacteria do not take up most ODNs or ODN analogs (13) , some encouraging results have already been reported. ODN analogs have been found to reach the cytoplasm of Mycobacterium (16) , and attachment of cell-permeabilizing peptides to peptide nucleic acids dramatically improved cell uptake (9) . We are developing additional strategies to improve cell uptake of ODNs and ODN analogs.
Other research groups have also obtained promising results using antisense strategies to deal with antibiotic resistance. White et al. (50) demonstrated an increase in the bactericidal action of norfloxacin by the actions of antisense molecules selected on the basis of the results of RNase H mapping of mRNA. These antisense molecules interfered with expression of the E. coli marRAB operon. Resistance to ␤-lactams was decreased by inhibition of expression of bla in the presence of antisense peptide nucleic acids, which are DNA mimic compounds with a pseudopeptide backbone that are very stable in body fluids (12) . A different strategy consisted of the use of endogenous the RNase P enzyme to degrade the cat mRNA and induce susceptibility to chloramphenicol by transformation of E. coli cells with recombinant plasmids coding for small oligoribonucleotides that can form the appropriate stemlike structure to induce RNase P digestion of the mRNA (14) . Resistance to vancomycin could be inhibited when a clinical E. faecalis isolate harbored a recombinant plasmid containing a vanH promoter-vanA antisense gene cassette (46) . Our results as well as these alternative antisense approaches indicate that antisense ODNs or ODN analogs could be used as part of viable strategies to preserve the efficacies of existing antibiotics to which bacteria are becoming increasingly resistant.
